Are certain retinal ganglion cells particularly susceptible?
The evidence to suggest that certain ganglion cells in the retina are inherently more vulnerable than others is not overwhelming. For example, in tobacco/alcohol amblyopia which is a non-specific condition, similar to that which occurs in certain malnutritional states, 4 there is a selective loss of the papillomacular bundle associated with a temporal pattern of ganglion cells. This corresponds to a subpopulation of smaller ganglion cells and their nerve fibres. 5 Such a pathological pattern therefore suggests that the smaller ganglion cells are the most susceptible to malnutrition and vitamin deprivation. 6 In contrast, in glaucoma (both human and monkeys), evidence favours the view that large ganglion cells of a type which is related to the magnocellular pathway are particularly susceptible. [7] [8] [9] This is based primarily on histology where the diameter of axonal fibres and size of ganglion cell somata in both normal and glaucomatous eyes was measured. Some authors have questioned such data mainly because of the inherent diYculties of identifying ganglion cells in pathological tissues unequivocally. 10 There is also a report on experimental monkey glaucoma where no apparent selective loss of ganglion cells of a particular cell size and type was found. 11 Moreover, in a recent study on a monkey model of glaucoma the individual ganglion cells were stained intracellularly to allow their dendrites and somata size to be analysed. 12 The authors concluded that in glaucoma an initial degeneration of the dendritic arbor of the ganglion cells occurs followed by a shrinkage of the cell somata. This suggests that the somata size of the same ganglion cell will appear, in pathological tissues of glaucoma patients, to be smaller than in a normal retina.
Since most of the evidence for suggesting that the larger ganglion cells are more susceptible than the smaller ganglion cells is based on histology, it is clear that this idea may be flawed. However, data from psychophysical tests on glaucoma patients, including tests of temporal contrast, motion, and scotopic sensitivity generally do not support the histological data for selective ganglion cell death since defects in both magnocellular and parvocellular pathways give similar results. 13 14 It should be pointed out that present histological data also suggest that some smaller ganglion cells are at least as susceptible as some of the largest ganglion cells in the first stages of glaucoma. Thus, it is a perception only that there is a preferential loss of larger diameter ganglion cells in the first stages of glaucoma and the evidence for such cells being part of the magnocellular pathway (as opposed to the parvocellular pathway) is inconclusive.
What initiates ganglion cell death in glaucoma?
It is, in many respects, convenient to think of glaucoma as being a chronic disease in which all ganglion cells are insulted at about the same time ( Fig 1A) but with variable death rates for individual cells (Table 2) . 1 15 Should diVerent ganglion cell populations die by a series of acute insults (Fig 1B) 2 then we need to concern ourselves with issues such as why individual subsets of ganglion cells are initiated to die in the first place, what initiates subsequent subsets to die, and whether the process of death initiation for diVerent subsets of ganglion cells varies. A further possibility to consider is that only a single subset of ganglion cells is initiated to die in glaucoma and that the other ganglion cells subsequently die in response to their death-that is, the concept of secondary degeneration (Fig 1C) . 16 17 It is necessary here to understand not only why only some ganglion cells are initiated to die but also to determine the events that lead to the death of the remaining ganglion cells. No evidence exists to suggest that inflammation is associated with glaucoma, and ganglion cells are thought to die by apoptosis (see below). It seems unlikely, therefore, that factors (for example, glutamate) are released from dying or dead ganglion cells to cause the death of the remaining ganglion cells.
DAMAGE TO GANGLION CELL AXONS
Excavation of the optic disc is a recognised clinical feature of glaucoma which may indicate that ganglion cells die because of an insult to their axons. Many theories exist to explain how axon function can be aVected to trigger ganglion cell death in glaucoma. An alteration in the biochemistry, and hence function, of any of the many components in the optic nerve (lamina cribrosa, astrocytes, oligodendrocytes, microglia, blood capillaries) can indirectly aVect normal ganglion cell axon function. Changes have been shown in the structure of the lamina cribrosa 18 19 and in the amount of cyclo-oxygenase, 20 transforming growth factor (TGF-), 21 nitric oxide synthase, 22 and glycosaminoglycans, 19 for example, in the optic nerve of glaucoma patients. However, it is diYcult to know whether such changes in the glaucomatous optic nerve indicate cause or eVect.
Experimental support for the idea that the site of injury of the ganglion cell in glaucoma is the axon was first produced by Anderson and Hendrikson 23 on an acute monkey model of glaucoma. Using radioactive probes they demonstrated blockage of axonal transport in the ganglion cells at the level of the sclera in the optic nerve head. Subsequent studies pinpointed the site of injury in the optic nerve to the collagenous tissue beams opposite the sclera. 24 25 The abnormality was reversible with normalisation of pressure in the experimental model. 7 While these findings may be of relevance to glaucoma it is also important to bear in mind that the eVect on ganglion cell axons in the animal model is the result of elevated pressure and that not all glaucoma patients have raised pressure. In fact, as much as a third of all glaucoma patients are estimated not to have abnormal intraocular pressures 26 27 -that is, intraocular pressures of 21 mm Hg or less. However, abnormalities in the collagenous connective tissue beams opposite the sclera have been described in human eyes with glaucoma. 28 The vascular supply to the optic nerve head and the optic nerve is complex 29 and any malfunction may cause ischaemic/hypoxic-like insults to the ganglion cell axons. There is some evidence to support the view that the blood supply to the optic nerve head is altered in glaucoma patients. 30 Ganglion cell axons and surrounding glial elements are dependent on the local blood supply for their energy requirements. Raised pressure may result in an alteration of the blood supply to the optic nerve head to induce ischaemia/hypoxia and this in turn may aVect normal ganglion cell axon function. Thus, it is possible that in the acute monkey model for glaucoma (described above) the blockage of ganglion cell axonal transport mechanisms is due to ischaemia/hypoxia.
INSUFFICIENT TROPHIC FACTOR(S)
Axonal injury is known to result in retrograde neuronal degeneration. In the cat retina, 40-45% of the ganglion cells degenerate and die within 1 week of optic nerve section. 31 A common explanation for neuron degeneration after axotomy is that the cell body is deprived of a growth factor that it receives from the target field. 32 Consistent with this idea is the finding that ganglion cell degeneration can be partially prevented by intravitreal administration of large doses of growth factors such as fibroblast growth factors, 33 nerve growth factor, 34 ciliary neurotrophic factor, 35 and brain derived neurotrophic growth factor (BDNF). 36 Since axons within rat optic nerve show a capacity for regrowth following transection, [37] [38] [39] and certain 40 the suggestion has been made that ganglion cells die in glaucoma because of a lack of specific growth factors. BDNF has been particularly discussed in this respect because this neurotrophin and its high aYnity receptor, TrkB are associated with ganglion cells (Fig 2) . Moreover BDNF, is known to be transported by CNS neurons 41 and when BDNF is injected into the superior colliculus it reduces developmental ganglion cell death. 42 It has been mooted that in glaucoma there is damage to the optic nerve and the retrograde transport of BDNF from the brain to the ganglion cell somata for normal survival is altered resulting in ganglion cell death. Recent experiments have shown BDNF transport in the optic nerve head to be altered in an experimental glaucoma monkey and after acute IOP elevation in rats, 8 which supports such a hypothesis.
A decrease in retinal BDNF activity may also arise for reasons that are independent of damage to the optic nerve and this could theoretically participate in ganglion cell death. It is known that intravitreal injection of BDNF reduces ganglion cell degeneration. 36 It has, however, also been reported that ganglion cell numbers are unaVected in knockout mice lacking BDNF, 43 suggesting that a decrease in the BDNF activity in a healthy retina has little eVect on ganglion cell survival.
OVEREXCITEMENT OF THE GANGLION CELLS
The types of receptors associated with ganglion cells may be the most important reason to explain not only why ganglion cells die in glaucoma but also why they die at different rates. Neurons contain excitatory and inhibitory receptors and under normal physiological conditions neither of these receptor types can be overstimulated because of appropriate homeostatic mechanisms. However, should overstimulation occur, as in ischaemia/hypoxia 15 where all the receptors of a neuron are overexcited, then the susceptibility of the cell will depend on the combined eVects of the receptors (Fig 3) . If the combined eVects greatly overexcite the neuron, then the cell will die. However, if the combined eVects do not lead to overexcitement death is unlikely.
Excitatory ionotropic glutamate receptors are particularly abundant in the retina and are heavily associated with ganglion cells. 44 Glutamate levels are elevated in the vitreous humour of glaucoma patients 45 and ganglion cells are particularly susceptible to glutamate toxicity. 15 46 47 Moreover, glutamate is known to be released from retinal cells during hypoxia. 48 All this information together suggests that the death of ganglion cells in glaucoma is because of overactivation of ionotropic (NMDA and kainate/AMPA) glutamate receptors and that hypoxia causes extracellular glutamate to rise. 1 15 The idea that hypoxia/ischaemia plays a part in triggering glaucoma has been repeatedly enunciated 15 47 even though definitive proof remains elusive.
The destructive eVect of glutamate on ganglion cells is primarily due to its interaction with ionotropic glutamate receptors. Overstimulation of these ionotropic glutamate receptors results in a large influx of calcium to induce a death process. 15 Thus, cells which express specific types and levels of ionotropic glutamate receptors may vary in susceptibility and die at diVerent times. In addition, certain receptor types, including nicotinic cholinergic, GABAergic, dopaminergic, and serotonergic, are known to be associated with certain populations of ganglion cells. Activation of these receptors may play a part in stimulating or reducing the rate of ganglion cell death induced by glutamate.
When nerve cells are subjected to ischaemia, a reduction in the membrane ATP level occurs and this leads to equilibration between intracellular and extracellular components. 49 50 Thus, there will be an increase of all "neurotransmitters" in the extracellular medium. In hypoxia, this will be less pronounced although the nerve function will be aVected by the "released" neurotransmitters. In ischaemia, this will only occur during reperfusion when ATP can again be generated. When the inner retina is subjected to hypoxia, as appears to be the case in glaucoma, 15 then the combined eVects of "released" neurotransmitters from all retinal cells on ganglion cells will determine the rate at which that ganglion cell will die. If the combined eVects of the neurotransmitters result in the overactivation of a cell then the death process will be initiated. It is therefore possible that the variable complement of receptor types associated with diVerent ganglion cells is the reason why all ganglion cells do not die at the same time in glaucoma. If this is confirmed then such information will be essential for the future development of suitable neuroprotectants for use in glaucoma. group.bmj.com on September 9, 2017 -Published by http://bjo.bmj.com/ Downloaded from Stimulation of nicotinic acetylcholine receptors (nAChRs) leads to an influx of calcium into neurons 51 and these receptors are known to be associated with some ganglion cells. 52 Since all neurotransmitters are released in excessive amounts in hypoxia, a ganglion cell that contains both nAChRs and NMDA receptors will theoretically be more susceptible to death than a cell that contains only NMDA receptors. Conversely, activation of receptors which results in an influx of an anion such as chloride, as in the case of the GABA A receptor, will tend to counteract the detrimental eVects of an influx of calcium caused by activation of NMDA receptors. Thus a ganglion cell which contains both inhibitory GABA A and excitatory NMDA receptors is theoretically less likely to be damaged than a cell which contains only NMDA receptors.
Figure 3 A schematic representation of how ganglion cells may die by overexcitation as would occur in hypoxia/ischaemia. In the normal healthy retina (A-C) the degree of excitation of a ganglion cell will be a balance between the level of excitatory and inhibitory neurotransmitters (solid and open circles, respectively) and the complement of excitatory (for example, ionotropic glutamate) and inhibitory (for example, GABA A ) receptors (grey and black buckets, respectively). The degree of stimulation will depend on the complement of receptors. However, the cells are not overstimulated whether they have the equivalent number of excitatory and inhibitory (A), more excitatory (B), or more inhibitory (C) receptors, because the level of neurotransmitters are at a low and controlled level. In hypoxia/ischaemia (D-F), extracellular neurotransmitters are elevated and the potential for overstimulation of receptors can occur. Cells that contain equivalent numbers of excitatory and inhibitory receptors can become slightly overexcited (that is, suVer slightly more excitatory than inhibitory input than normal) and may therefore become sick or unhealthy (D). In contrast, cells that have very much more excitatory than inhibitory receptors (E) will be overstimulated to a greater extent and this could lead to immediate death. Theoretically, neurons that have more inhibitory than excitatory receptors will not be overexcited in hypoxia/ischaemia (F) and are therefore less likely to suVer from the insult.
Before concluding this section it must be emphasised that persuasive evidence exists to support the view that at least some of the characteristic arcuate visual field loss in glaucoma could well be the result of changes at the level of the optic disc caused by pressure. Burgoyne's recent work on stress changes at the level of the optic nerve head is worth mentioning in this respect. 53 Thus, the cause of the selective death of ganglion cells in glaucoma may ultimately prove to be a combination of factors, which might include diVerences in the receptor complement of individual ganglion cells.
Elevated glutamate in the vitreous humour of glaucoma patients: significance
The finding that the glutamate level in the vitreous humour of glaucoma patients is raised 45 is of potential significance and discussed in detail elsewhere. 1 15 The noteworthy issues are that our present knowledge on the subject is restricted to a single study and that the elevated glutamate could have originated from ischaemia, a malfunction in the way Müller cells metabolise glutamate, and/or a malfunction in the inactivation of released glutamate by two active transport processes. Another possibility which has been considered is that the glutamate originates from dead ganglion cells. 45 We favour the view that the glutamate originates from hypoxia because in this state the eYcient active transport process of extracellular glutamate into retinal cells will not function optimally. Moreover, glutamate and other neurotransmitters are likely to be released in excessive amounts from retinal neurons. As a consequence, neurotransmitters will accumulate and diVuse into the vitreous humour. Interestingly, of the amino acids analysed in the vitreous humour of glaucoma patients the two that were elevated were the neurotransmitters glutamate and glycine, but only the elevated glutamate level was determined as being significantly diVerent from controls. 45 The raised extracellular neurotransmitters will also activate receptors associated with defined neurons for which they are the natural ligands. It is postulated that the combined eVects of the extracellular neurotransmitters on a neuron will result in death if excessive overexcitement occurs. Neurons that contain glutamate ionotropic receptors (ganglion cells) will be particularly susceptible to this eVect because activation of such receptors results in depolarisation of the cell membrane.
How good is the evidence for ganglion cells dying by apoptosis in glaucoma?
No evidence exists to suggest that ganglion cells die in true or experimental glaucoma by necrosis, a death process traditionally associated with ischaemia. 54 Necrosis is characterised by a compromised membrane integrity caused by ATP energy depletion; swelling eventually occurs and the mitochondria become dysfunctional. Eventually, the cell lyses and lysosomal enzymes are released into the extracellular space. Changes in the nucleus of a necrotic cell appear relatively unremarkable, at least during the early stage, but there is some swelling associated with the nuclear membrane followed by a scattering of materials into small masses. 55 Another characteristic type of death process has been termed "apoptosis". This has been described as a process which requires energy and is characterised by clearly distinguishable changes in the nucleus but not in the cytoplasmic organelles, at least in the initial stages. 56 57 Cytoplasmic structures degenerate subsequently, and both the nucleus and the cytoplasm may form membrane bound "apoptotic bodies". Tissue macrophages ingest apoptotic bodies and dead cells thereby causing little or no inflammation.
58 Table 3 illustrates some characteristic diVerences thought to diVerentiate apoptosis from necrosis.
There is, however, a problem in determining how a cell may have died in histological sections of pathological tissues. Membrane damage combined with an absence of a pyknotic nucleus are the main criteria for indicating necrosis. A pyknotic nucleus has been used as a marker for apoptosis 59 because it suggests breakdown of DNA. A better way of revealing nucleosomal degradation as predicted to occur in apoptosis is by the TUNEL method 60 although this method is not fully reliable. 61 In apoptosis, DNA fragments that are multiples of ∼180 bp are generated and they can be detected by "staining" of the cell using a histochemical method (for example, TUNEL procedure) or by agarose gel electrophoresis ("ladder" technique). The fragments are produced by cleavage between the nucleosomes by Ca 2+ activated endonucleases. In necrosis, non-specific degradation of DNA into randomly sized fragments occurs and these are not readily detected by the TUNEL method. Moreover, gradual cell shrinkage as reported by Weber et al 12 appears not to be a unique feature of apoptosis.
It has not been easy to ascribe one specific form of cell death to a given situation in most pathological tissue sections. Accordingly, various authors have described cell death as occurring by "secondary necrosis", "intercurrent apoptosis and necrosis", "sequential apoptosis/necrosis", or "necrosis supervented over apoptosis". 62 It is possible that in reality apoptosis and necrosis form a continuum at the extremes of a biochemically overlapping death pathway rather than being totally separate modes of death with only limited molecular and cellular biological overlap.
62 Support for such a view comes from other studies which have shown that raised internal calcium and reactive oxygen species play major roles in both necrosis and apoptosis.
The basis for suggesting that ganglion cell death in glaucoma is by apoptosis is not because of any conclusive evidence but more because of a lack of any firm demonstration of cell necrosis. Similar conclusions have been reached after analysis of nervous tissues from most other pathologies (Alzheimer's disease, HIV infection, Huntington's disease, multiple sclerosis, trauma, etc) where there is no involvement of focal ischaemia. Since the rate of glaucomatous damage is very slow, it is hypothesised that very few cells would be expected to be found actually dying from 63 64 Recent studies have also shown that immunoreactivity for the inflammation associated enzyme, cyclooxygenase-2, in the glaucomatous retina is unchanged compared with controls. 20 This argues for an absence of inflammation, and endorses the idea that ganglion cell death in glaucoma is by apoptosis. However, the combined evidence for ganglion cells dying by apoptosis in glaucoma is not compelling as it is based primarily on TUNEL staining and histology. Since the TUNEL procedure can also in some cases detect breakdown of DNA by necrosis, 61 the evidence is further weakened. It would therefore be unwise from present information to conclude that ganglion cells die solely by apoptosis in glaucoma. Moreover, cell death may be by mechanisms that remain to be discovered and which are applicable to glaucoma. As pointed out by Clarke 65 "the thesis that all neuron death is either apoptotic or necrotic is not universally valid, although it seems to be a good approximation in some instances".
So what is really known about ganglion cell death in glaucoma?
It is clear from the contents of this article that there remains a lack of definitive data as to why, how, and when ganglion cells die in true glaucoma. While some of our speculations and predictions stem from clinical observations, most come from data derived from animal studies. However, recognising the significance of data derived from animal models in relation to true glaucoma remains a problem. It is known that optic nerve crush, ocular ischaemia, and ocular hypertension will result in ganglion cell death 1 but whether such data are of relevance, limited relevance, or of no relevance to true glaucoma cannot be judged with any degree of certainty. It could be argued that detailed answers to the questions posed about ganglion cell death in glaucoma can only be obtained by a series of studies on an animal model which precisely simulates true glaucoma. Unfortunately, we are a long way from achieving this goal. Realistic interpretation of data derived from studies on animal models may nevertheless yield data which, when viewed unbiasedly, may be of relevance to glaucoma, particularly in relation to the treatment of the disease.
